Consumers expect the appropriate tenderness, juiciness, and taste, a well as sufficiently long shelf life from meat subjected to thermal processing. One of the methods used to achieve this effect is sous-vide (SV). However, the low temperatures used in this method may not be sufficient to ensure the safety of the meat product. In order to increase safety and reduce adverse sensory changes, we suggest marinating the meat in fermented dairy products (FDP). The aim of the study was to determine the impact of marinating meat in FDP (kefir, yogurt, buttermilk), marinating time (3-12 days), and SV temperature (60 or 80 • C) on the quality and safety of pork steaks. Marinating the meat increases the level of loss during cooking, but at the same time, has no effect on the chemical composition and activity of water. The acidity of steaks decreases with the time of marinating. A few days of meat marinating in buttermilk or yogurt slows down the fat oxidation reactions and reduces the content of oxidizing substances in meat. Meat marinated in FDP and SV cooked contains acceptable microbial values. Marinating in FDP, especially in yogurt or buttermilk, improves the quality and safety of SV-cooked pork steaks.
Introduction
Consumers expect the appropriate tenderness, juiciness, and taste, as well as sufficiently long shelf life from meat subjected to thermal processing. One of the methods used to achieve this effect is sous-vide (SV). SV involves cooking the meat in vacuum-sealed thermostable bags at a low temperature (about 60 • C) for a long time (above 6 h) [1] [2] [3] [4] . The method enables an effective transfer of heat from water (or steam) to a food, increases the food durability by reducing the growth of aerobic bacteria and eliminating the risk of reinfection during storage, inhibits unpleasant odors from the oxidation of both fats and proteins [3] , prevents from the loss of volatile substances, and reduces the level of loss during cooking. However, low temperatures may not be sufficient to ensure the safety of meat products stored in the refrigerator for a longer time, and long storage at low temperatures may cause deterioration of SV meat dishes [2] . In order to extend the shelf life and reduce adverse sensory changes, we suggest marinating the meat in fermented dairy products (FDP). Meat marinating is a commonly used treatment that improves the culinary properties of meat [5] [6] [7] . Meat is usually marinated by soaking in an acidic solution to improve tenderness, taste, and smell [6] , or to extend the shelf life of the product by limiting the growth of bacteria, especially pathogenic ones [8] . Many researchers attempt to use natural marinades such as lemon juice, lemon, pineapple marinades, potato tuber juice, soya sauce, wine sugar, organic acids, tamarind, lime, calamansi, and red wine [5, 7, [9] [10] [11] . However, in the available literature, there are no reports on the use of fermented dairy products (FDP) for meat marinating. In order to improve the quality and safety of pork steaks, we suggest marinating the meat before SV processing in fermented dairy products as part of food preservation using hurdle technology.
Materials and Methods

Raw Material Preparation
Twelve trimmed loins (m. longissimus thoracis et lumborum) of Great White Poland pigs of 120-130 kg body weight were obtained from the slaughterhouse 24 h after the slaughter. The muscles were cut into 3 cm thick steaks weighing about 200 g each. Steaks were separately placed into plastic bags (cooking bags 80 GR vacuum cooking, ORVED S.p.A, Musile di Piave, Italy). Then, the steaks were immersed in liquid fermented dairy products (Dairy Cooperative MLEKOVITA, Wysokie Mazowieckie, Poland): Kefir (KE), buttermilk (BM), or yogurt (YO). After immersion in FDP, each meat was separately placed into the plastic bag and weighed. If necessary, the FDP was supplemented so that the FDP mass constituted 10% of the meat mass (w/w). The bags were then vacuum-sealed (VAC-20 DT, Edesa, Barcelona, Spain) and stored for 3, 6, 9, or 12 days at 4 • C in the refrigerator. After a certain time, the vacuum-packed steaks were boiled in a water bath at 60 • C or 80 • C for 6 h. After cooking, samples were cooled in ice water at 2 • C for 1 h and stored overnight at 4 • C. Depending on the cooking temperature, the samples were marked as KE6, BM6, YO6, and C6 (temp 60 • C) or KE8, BM8, YO8, and C8 (temp 80 • C). In total, 96 steaks were prepared: Eight samples (KE6, BM6, YO6, C6 KE8, BM8, YO8, C8) × four storage times (3, 6, 9 or 12 days) × three replicates. All analyses were performed in three replicates.
Processing Loss
The processing loss was calculated by measuring the differences in the weight of the raw steak before marinating and the marinated (for the appropriate time) steak after cooking sous-vide, chilling, removing from the bag, and drying on the filter paper. The moisture content in the cooking samples was determined by drying the samples (5 g) at 105 • C under atmospheric pressure to constant weight according to ISO 1442:1997 [16] .
Chemical Composition Analysis of Cooked Samples
Protein Content
The total nitrogen content was evaluated by the Kjeldahl method using a Kjeltec™ 8100 (Foss Tecator, Höganäs, Sweden). The protein was calculated using the factor 6.25. An aliquot of 0.5 g dried sample was weighed into the distillation tube to the nearest 0,001 g. Then, 12 cm 3 of concentrated sulfuric acid (VI) (1.84 g cm −3 ) and two Kjeltabs Cu (K 2 SO 4 + CuSO 4 ·5H 2 O) catalysts were added. The content was mineralized in the FOSS Kjeltec digest block at 420 • C for 50 min. After cooling, the mineralized samples were subjected to steam distillation in a Kjeltec device with a 4% boric acid solution in the receiver. The distillate was titrated with 0.19 M HCl in the presence of the Tashiro indicator to obtain a pink color. The protein content (B) was calculated from the formula: B = (V × c × 14.007 × 6.25 × 100)/m, where V-volume of hydrochloric acid used for titration (cm 3 ), c-molar concentration of hydrochloric acid used for titration (cm 3 ), 14.007-amount of nitrogen that corresponds to 1 cm 3 of 0.1 hydrochloric acid used for titration, 6.25-conversion factor for nitrogen content per protein for meat raw materials, and m-sample weight (mg). The obtained result was converted into protein content in the sample containing water.
Total Fat Content
The total fat was assayed by Soxhlet method according to ISO 1444:1996 [17] . A well-defined and weighed amount (5-8 g) of the minced and well-mixed samples was taken into a glass vessel. Samples were dried at 105 • C in a drying oven to obtain constant weight. The samples were then cooled to room temperature in a desiccator and weighed. The dry matter was then calculated and dried samples were transferred into the Soxhlet equipment. The extraction, which involved applying petroleum ether, was performed for 6 h at 60 • C. After evaporation of the solvent, the flasks with fat were dried for 1 h at 100 • C and cooled to a room temperature in desiccator and weighed. Intramuscular fat content (percentage) was calculated as follows: Fat (%) = (fat weight after extraction × 100)/wet sample.
Chemical Analysis
pH Value
The pH was measured using a homogenate prepared with 10 g of sample and distilled water (100 mL) and digital pH meter CPC-501 (Elmetron, Zabrze, Poland) equipped with the pH electrode (ERH-111, Elmetron, Zabrze, Poland) according to ISO 2917:1999 [18] .
Redox Potential
Redox potential (RP) was measured using a homogenate prepared of 10 g in 30 mL of deionized water using a digital RP-meter CPC-501 (Elmetron, Zabrze, Poland) set to the millivolt scale and equipped with redox electrode (ERPt-13, Elmetron, Zabrze, Poland) [19] .
Water Activity
The water activity (a w ) measurements were carried out at 20 • C using a water activity analyzer LabMaster-aw (Novasina, Lachen, Switzerland).
Lipid Oxidation
The lipid oxidation was assessed using the thiobarbituric acid reactive substances' (TBARS) method [20] : 3 g of meat was ground and then homogenized with 12 cm 3 of 4% cold perchloric acid (4 • C) and 200 µL of an alcohol solution of butylhydroxytoluene-BHT (0.01%) at a rotational speed of 11,000 rpm for 1 min. The contents were centrifuged at 4000 g for 10 min (4 • C) and then filtered. After mixing, 650 µL of the assay filtrate was withdrawn into the epitope and 650 µL of a 0.02 molar aqueous solution of 2-thiobarbituric acid (TBA reagent) was added. Samples were heated in a boiling water bath for 0.5 h. The absorbance at 532 nm was measured in a cooled sample using Nicole Evolution 300 spectrophotometer (Nicole Evolution 300, Thermo Fisher Scientific, Waltham, USA) against a control sample containing 650 µL perchloric acid (4%) and 650 µL TBA reagent. The TBARS index value was expressed in mg malonaldehyde (MDA) per kg of meat, calculated from the formula: TBARS = A × K × 10, where A-the value of the abridged test sample and K-conversion factor, which was calculated from the standard curve and applied settlements K = 5.5.
Microbiological Analysis of Cooked Samples
Samples were prepared according to standard ISO 6887-2:2017 [21] . Total viable counts of aerobic mesophilic bacteria were enumerated by pouring out onto plate count agar (Oxoid) and incubated at Sustainability 2019, 11, 5644 4 of 10 30 • C for 72 h [22] . Total psychrotrophs were counted on plate count agar (PCA) (Oxoid) at 4 • C for seven days [23] . Total anaerobic psychrotrophs were counted on tryptone soya agar (TSA) (Oxoid) in anaerobic jars at 4 • C for seven days. Total Enterobacteriaceae were counted on violet red bile glucose agar (VRBG) plates (Oxoid) and incubated at 37 • C for 24 h [24] . Pseudomonas counts were determined in Oxoid Pseudomonas selective agar with CFC supplement and incubated at 30 • C for 72 h [25] . Lactic acid bacteria (LAB) were enumerated by plating on Man-Rogosa-Sharpe (MRS) agar (Oxoid) and incubated at 37 • C for 24 h [26] . All counts were expressed as a log of colony forming units per gram of meat (log CFU g −1 of meat).
Statistical Analysis
The fix effect of processing (kind of FDP, time of marinating, and temperature of SV) and random effect of replications were included in the model. Analysis of variance (ANOVA) was performed on all variables using the general linear model process of the SAS 9.1.3. (SAS Institute Inc., Cary, NC, USA) statistical software. The differences in mean values were compared by Tukey's multiple comparison method, and mean values and standard deviation of the means were reported (p < 0.05).
Results and Discussion
Processing Loss
The SV-cooked steaks at 80 • C showed significantly higher weight loss (p < 0.05) than those cooked at 60 • C, regardless of other factors tested (Table 1) . Marinating time also influenced this parameter. The longer the time of sample marinating, the bigger the level of loss during cooking (p < 0.05). Particularly, these differences could be seen in samples cooked at 60 • C. To a lesser extent, the time of marinating had an effect on cooking losses of samples cooked at 80 • C. Although in this case, meat marinating for six days contributed to the reduction in the weight loss. Results obtained in this study are comparable to those found by other authors [1] . Generally, it was found that weight losses of steaks marinated in FDP, especially for three, six, or nine days, and SV-cooked were significantly higher (p < 0.05) as compared to the control steaks. The 12-day steak marinating did not significantly affect the tested feature. Loss of weight during meat cooking results mainly from changes in proteins. At 40 • C, myofibrillar proteins begin to shrink. This process becomes more intense as the temperature increases. The shrinkage of myofibrillar proteins results in tightening of the muscle fiber structures and, as a consequence, reduction of its volume and reduction in the ability to maintain water. Likewise, the interstitial spaces tighten, and as a result, some of the capillary water is lost during cooking. Further heating between 56 Sustainability 2019, 11, 5644 5 of 10 and 62 • C also causes changes in the perimysium of the connective tissue [27, 28] . Contraction of the connective tissue causes the compression of muscle fiber bundles, which deepens the process of water separation. According to Sánchez del Pulgar et al. [4] , the SV cooking method or cooking directly in water does not affect the juiciness of meat. The loss of water results from the temperature used. Vacuum cooking itself does not cause more juice retention in the meat. It may, however, under certain conditions, cause slightly larger losses of water resulting from the physical increase of pressure exerted on the meat during vacuum packaging and from partial exudation of surface water caused by the vacuum. Nevertheless, water is not the only component lost during cooking. Along with water, other water-soluble components are lost. Using the SV method, losses of these components are reduced. If the cooking temperature exceeds the collagen solubility temperature, these components are bound in the gelatin structure after cooling [4] .
Chemical Composition
The chemical composition of SV-cooked steaks marinated for three days is given in Figure 1 . The moisture content in steaks cooked at 60 • C was higher than those cooked at 80 • C (p < 0.05). Similar relations were found by Sánchez del Pulgar et al. [4] , who cooked the pork cheeks using the SV method (60 • C or 80 • C; 6 or 12 h). No effect (p < 0.05) of marinating in KE, YO, or BM on the moisture level in steaks cooked at 60 • C, was recorded. Marinating in YO or BM reduced the moisture level in steaks cooked at 80 • C compared to the control and samples marinated in KE. The method of processing the steaks did not affect (p < 0.05) the protein and fat content. Acidic marinating is a common method of improving the technical and functional properties of meat [6] . Changing the pH causes changes in the water retention capacity [29, 30] . This property is correlated with swelling and/or increased extractive ability of myofibrillar proteins, which results from the increase in ionic strength and decrease in pH [31, 32] . However, it has been found that acidic meat marinating causes various effects in the microstructure, e.g., swelling and contraction of muscles due to changes in myofibrils occurs above pH 4.3. Below pH 4.3, there is also a swelling of collagen, mainly perimysium. During cooking, swollen muscle fibers maintain a high degree of water binding and are also more resistant to thermal shrinkage due to lower thermal sensitivity of collagen. cooking. Further heating between 56 and 62 °C also causes changes in the perimysium of the connective tissue [27, 28] . Contraction of the connective tissue causes the compression of muscle fiber bundles, which deepens the process of water separation. According to Sánchez del Pulgar et al. [4] , the SV cooking method or cooking directly in water does not affect the juiciness of meat. The loss of water results from the temperature used. Vacuum cooking itself does not cause more juice retention in the meat. It may, however, under certain conditions, cause slightly larger losses of water resulting from the physical increase of pressure exerted on the meat during vacuum packaging and from partial exudation of surface water caused by the vacuum. Nevertheless, water is not the only component lost during cooking. Along with water, other water-soluble components are lost. Using the SV method, losses of these components are reduced. If the cooking temperature exceeds the collagen solubility temperature, these components are bound in the gelatin structure after cooling [4] .
The chemical composition of SV-cooked steaks marinated for three days is given in Figure 1 . The moisture content in steaks cooked at 60 °C was higher than those cooked at 80 °C (p < 0.05). Similar relations were found by Sánchez del Pulgar et al. [4] , who cooked the pork cheeks using the SV method (60 °C or 80 °C; 6 or 12 h). No effect (p < 0.05) of marinating in KE, YO, or BM on the moisture level in steaks cooked at 60 °C, was recorded. Marinating in YO or BM reduced the moisture level in steaks cooked at 80 °C compared to the control and samples marinated in KE. The method of processing the steaks did not affect (p < 0.05) the protein and fat content. Acidic marinating is a common method of improving the technical and functional properties of meat [6] . Changing the pH causes changes in the water retention capacity [29, 30] . This property is correlated with swelling and/or increased extractive ability of myofibrillar proteins, which results from the increase in ionic strength and decrease in pH [31, 32] . However, it has been found that acidic meat marinating causes various effects in the microstructure, e.g., swelling and contraction of muscles due to changes in myofibrils occurs above pH 4.3. Below pH 4.3, there is also a swelling of collagen, mainly perimysium. During cooking, swollen muscle fibers maintain a high degree of water binding and are also more resistant to thermal shrinkage due to lower thermal sensitivity of collagen. 
Chemical Analysis
pH Value
As expected, the pH of steaks marinated for three days in fermented dairy products and cooked using the SV method was lower (p < 0.05) than that of the control steaks ( Table 2 ). The action of suitable microorganisms in fermented dairy products caused a decrease in pH [12] . The pH of KE was around 4.2 due to the presence of organic acids, ethanol, CO 2 , and other volatile compounds [33] . The pH value of YO was 4.4 due to the fact that LABs were able to convert lactose to lactic acid. BM is a byproduct of whipping the sweet cream into butter, produced with the participation of Lactococcus and Leuconostoc, and has a pH of about 4.5. The pH value of steaks decreased (p < 0.05) with marinating duration regardless of the marinade type. This was mainly due to the fact that during marinating for 12 days, lactic bacteria are still alive, and growing produces compounds, mainly acids, which increase the acidity of environment. Marinating in YO significantly (p < 0.05) reduced the pH of SV cooked steaks at 60 • C compared to other samples. 
Water Activity
The water activity (a w ) in food products is determined by degree of water connection with other food ingredients and determines the speed of many chemical and enzymatic reactions occurring in food, e.g., hem dyes are faster oxidized when a w is higher. The a w value in raw meat is 0.99, whereas in meat products after heat treatment, it amounts from 0.93 to 0.97 [34] . In these studies, for steaks marinated in KE, BM, or YO and cooked using the SV method at 60 • C or 80 • C, it was about 0.94 ( Table 3) . Type of marinade, regardless of the marinating time, did not significantly affect the value of water activity in particular research periods. However, a significant effect (p < 0.05) of the marinating duration on a w was recorded. The smaller the a w value, the longer the marinating time was. Since a w depends on the quantity and quality of food ingredients, among other factors, a significant reduction in its level after 12 days of marinating may result from the decomposition of meat chemical components, mainly proteins, into smaller molecules due to enzymes and bacteria contained in meat and in fermented dairy products added to marinating. In addition, lactic acid, which naturally occurs during meat maturation and is naturally found in KE, BM, and YO, may have a significant impact on these changes. Lowering the pH of meat to the optimum level for cathepsin activity in the range of 3.5-5.0 may significantly increase the proteolytic attack of these enzymes [7, 35] . In addition, dairy products are a source of calcium that act as a post mortem activator of other enzymes of calpains [36] . Table 3 . Effect of marinating time and type of marinade on the water activity of SV-cooked steaks (means ± standard deviation).
Sample
Marinating Time (Days) Means within a row with different capital letters and means within a column with different small letters are differ significantly (p < 0.05). C6 = control, 60 • C; KE6 = kefir, 60 • C; BM = buttermilk, 60 • C; YO6 = yogurt 60 • C; C6 = control, 80 • C; KE6 = kefir, 80 • C; BM = buttermilk, 80 • C; YO6 = yogurt 80 • C.
Lipid Oxidation
The TBARS results obtained in the first test period with samples after three days of marinating and SV cooking at 60 • C are significantly higher (p < 0.05) than in the finished samples at 80 • C (Table 4 ). Nonetheless, TBARS values do not exceed the threshold value of 3 mg MDA kg −1 of product. Sánchez del Pulgar et al. [4] obtained significantly higher TBARS values, from 2.4 to 4.0 mg MDA per kilogram of SV-cooked pork cheeks. They found that this was the result of a long-term (6 or 12 h) thermal treatment, which caused an increase in lipid oxidation. However, the authors did not use any marinade. Our research revealed the influence of marinating time on the reduction of TBARS value. Table 4 . Effect of marinating time and type of marinade on the thiobarbituric acid reactive substances' (TBARS) value (mg MDA 100 g −1 of product) of SV-cooked steaks (means ± standard deviation).
Sample
Marinating Time (Days) It was found that a few days of meat marinating in BM or YO caused significant slowdown in the fat oxidation reaction rate. This aspect requires further research. One of the reasons may be the fact that some Lactobacilli have antioxidant activity and are able to reduce the risk of reactive oxygen species. Lactic acid bacteria can break down the peroxide anion and hydrogen peroxide. Several peptides with antioxidant activity have also been identified in fermented dairy products. Milk protein hydrolysates may increase the oxidative stability of a product, including meat [37] . Studies conducted by Diaz and Decker [38] have shown that adding the milk protein hydrolysates to minced and cooked beef inhibited the formation of malonic aldehyde. The authors believed that cooking increased the catalytic activity of iron contained in meat, while the addition of milk protein hydrolysates, which have strong chelating activity, can effectively reduce the oxidation process. Casein calcium peptides present in Sustainability 2019, 11, 5644 8 of 10 fermented dairy products also have strong antioxidant activity against lipid oxidation. These peptides can be as effective as other antioxidants, preventing the formation of unpleasant aftertaste in meat products and extending the shelf life.
Redox Potential
Redox potential (RP) expresses the progress degree of biological and chemical reactions that cause the oxidative reactions. The RP value depends on the number of oxidants and reducers contained in the meat. The more oxidants, the higher the RP value. Factors that affect the RP include pH, water activity, oxygen, biochemical processes, and concentration of reagents. Table 5 shows results of the impact of marinating duration and type of marinade on the RP value of SV-cooked pork steaks. The RP value of steaks cooked at 80 • C was lower (p < 0.05) than those cooked at lower temperatures. The short-term marinating of steaks (three days) did not affect the RP. The RP value decreased with the marinating time, especially in steaks marinated in BM and YO, regardless of the SV cooking temperature. One of the reasons for lowering the RP value was the lower pH of steaks as a result of marination in KE, BM, or YO. At the same time, it was suggested that RP and TBARS of steaks marinated in KE for six days were higher (p < 0.05) than those of steaks marinated in YO and BM. Perhaps, this was due to the presence of ethanol in KE. Means within a row with different capital letters and means within a column with different small letters are differ significantly (p < 0.05). C6 = control, 60 • C; KE6 = kefir, 60 • C; BM = buttermilk, 60 • C; YO6 = yogurt 60 • C; C6 = control, 80 • C; KE6 = kefir, 80 • C; BM = buttermilk, 80 • C; YO6 = yogurt 80 • C.
Microbiological Analysis
The advantage of SV products is their long shelf life without the need for the use of preservatives. Botinestean et al. [1] and Díaz et al. [2] found that vacuum conditions limit the growth of microorganisms and SV pasteurization ensures the proper microbiological quality of cooked meat. In our research, we did not store the SV-cooked steaks. After 3, 6, 9, and 12 days of marinating, the steaks were SV-cooked and cooled, and on the following day, the total counts of mesophilic and psychotropic aerobic bacteria were determined. All steaks contained acceptable threshold values for these microorganisms (less than 10 log CFU g −1 or not at all), which proved successful SV pasteurization.
Conclusions
Marinating the meat in fermented dairy products (kefir, yogurt, and buttermilk) is a good alternative compared to other marinating methods. According to the literature, fermented milk products are natural products which are widely available, relatively cheap, and have a positive effect on human health. Marinating the meat in FDP increased the weight loss of SV-cooked steaks (60 or 80 • C, 6 h) compared to non-marinated steaks, but at the same time, it had no effect on the chemical composition and water activity. A few days of meat marinating, especially in buttermilk or yogurt, increased the safety of cooked steaks because it caused a significant slowdown in the fat oxidation reaction rate (reducing the TBARS value) and reduced the content of oxidizing substances (low RP value). In addition, the proposed process parameters (type of marinade, marinating time, temperature, and time of sous-vide cooking) effectively eliminated mesophilic and psychotropic oxygen bacteria. Further research should focus on the impact of the type of marinade (buttermilk and yogurt) and the time of meat marinating (within 6-9 days) on the optimization of sous-vide processing (mainly in 60 • C). 
